Abstract-Wave structure functions of both phase and logarithmic relative amplitude, their mutual wave structure functions for two plane electromagnetic waves with different frequencies are studied. Besides, features of intensity of frequency fluctuations of multiply scattered radiation by finite thickness of anisotropic magnetized plasma layer are investigated in complex geometrical optics approximation. Source and receiver are assumed to be located on opposite sides with respect to turbulent plasma layer. Numerical calculations have been carried out for F-region of the ionosphere using satellite data of ionospheric plasma parameters.
INTRODUCTION
Wave structure functions for plane, spherical waves and Gaussian beams have been investigated in [1] [2] [3] [4] . Evolution of the angular power spectrum of scattered electromagnetic radiation and features of its statistical characteristics, broadening and displacements of its maximum has been studied in geometrical optics approximation [5] [6] [7] [8] . High-frequency monochromatic EM wave scattered on electron density fluctuations of ionospheric plasma lead to distortion of the observable angular power spectrum. Wave propagation in turbulent plasma with electron density fluctuations is usually accompanied by fluctuations of its parameters -amplitude, phase, intensity and so on. Investigation of peculiarities of frequency and frequency-spatial correlation functions are under the particular interest in satellite communications. It enables to define frequency band that could be transferred through statistically inhomogeneous medium without distortion of the form of signal spectrum. Determination of the frequency band demands the knowledge of frequencyspatial correlations of fluctuated field in the aperture plane of a highly directional antenna. In satellite communications, the ability to transmit a wideband data is closely related to the frequency correlation of the signal. Information about the frequency and spatial correlation of the signal is essential in designing and analyzing frequency and/or spatial diversity schemes. Therefore, in this paper, statistical characteristics: the log-amplitude and the phase wave structure functions, of frequency-spaced plane EM waves are computed. Complex geometrical optics approximation is applied taking into account multiple scattering effects. Numerical calculations have been carried out utilizing satellite data of F-region ionospheric plasma parameters.
CORRELATION FUNCTION OF THE PHASE
A point source, located in vacuum at a terminal distance l 1 above from the plane boundary of random magnetized plasma, irradiate high-frequency electromagnetic waves. Thickness of the scattered layer is equal to l 2 , receiver is located in vacuum below the layer at a distant l 3 in the XZ plane (principle plane) and the length of line-of-sight connecting the source and the receiver is L 0 = l 1 + l 2 + l 3 . The imposed magnetic field makes an angle θ 0 between Z axis and angle θ with the direction of a wavevector of the incident wave. The plasma concentration in the layer is: N (r) = N 0 + N 1 (r); where N 0 -is the constant term, N 1 (r) is a random function of the spatial coordinates describing concentration fluctuations. We shall suppose that the inequalities are satisfied for magnetized plasma:
where ω is the angular frequency, ν ef f is the effective collision frequency of electrons with other particles, ω p = (4πe 2 N/m) 1/2 is the plasma frequency and ω B = eB 0 /mc is the angular gyro-frequency for magnetic field; e and m are the charge and the mass of an electron, respectively, c is the speed of light in the vacuum. Plasma is considered as a uniaxial crystal having permittivity tensor components:ε xx =ε yy = 1,
in the coordinate system, where the imposed magnetic field is directed towards Z-axis [7] . Performing geometrical optics approximation, omitting throughout the multiplier exp(−iωt) together with factors describing the power and radiation pattern of the point source, at θ 1(θ = θ 0 − θ), in a zero approximation, major contribution to the wave field at the observation point is given by one inhomogeneous plane wave, whose wave-vector projection on X axis is determined by:
Inhomogeneity of this wave (imaginary part of k 0 x ) is determined by the joint influence of both absorption and anisotropy in the plasma layer; v = ω 2 p /ω 2 and s = ν ef f /ω are non-dimensional plasma parameters, k 0 = ω/c.
Chaotic inhomogeneities of electron density in the plasma layer give rise to fluctuations of the wave field at the observation point. Statistical characteristics of the wave field are primarily determined by complex phase (φ) fluctuations of a principal plane wave in case of small-angle scattering [1, 2] . As electron density fluctuations are sufficiently small N (r) = N 0 +N 1 (r), N 1 N 0 , we expand the phase characteristics into a series,φ =φ 0 +φ 1 + · · · . Outside the plasma layer, the fluctuating term of a complex phase at the observation point is proportional to the small dimensionless parameter N 1 /N 0 :
where:
Transverse correlation function of complex phase fluctuations at the observation points, spaced apart at a small distance x, is given by the expression [7] :
where
is a 3D power spectrum of statistically homogeneous electron density fluctuations.
STRUCTURE FUNCTIONS
Point source radiates two monochromatic waves with frequencies ω 1 = ω 0 (1−δ) and ω 2 = ω 0 (1+δ).
The value δ = (ω 2 − ω 1 )/2ω 0 characterizes the difference frequency of propagated waves. We shall calculate < ϕ 1 (r 1 )ϕ * 1 (r 2 ) > and < ϕ 1 (r 1 )ϕ 2 (r 2 ) > in order to define the frequency structure functions of phase and logarithmic relative amplitude in a plane perpendicular to a direction of propagating waves. An asterisk ' * ' is a complex conjugate. Wave structure functions of phase and logarithmic relative amplitude, their mutual correlations for two waves with different frequencies are defined by the following expressions:
where (x 1 , y 1 , z 1 ) and (x 2 , y 2 , z 2 ) . In our case, r 1 = (x, 0, L 0 ), r 2 = (0, 0, L 0 ) and x L 0 . First wave structure function for arbitrary correlation function of electron density fluctuations has the form:
is the variance of electron density fluctuations, a = /l 2 , b = l 1 /l 2 and d = l 3 /l 2 are nondimensional spatial parameters normalized on a thickness of plasma layer, l is a characteristic spatial scale of irregularities along the external magnetic field. Second wave structure function is expressed as follows:
We analyze the structure functions of scattered radiation for anisotropic Gaussian correlation function of electron density fluctuations in F-region of the ionosphere plasma [9] :
where α is an angle that the prolate inhomogeneities make with respect to the external magnetic field, χ = / ⊥ is the anisotropic parameter of prolate irregularities,¯ 2 = 2 (sin 2 α + χ 2 cos 2 α) −1 .
NUMERICAL RESULTS
The following parameters are chosen for the numerical computation: h = 230 km, f = 40 MHz, plasma parameters are: v = ω 2 p /ω 2 = 0.0133, s = ν ef f /ω = 5.87 · 10 −7 , l 2 = 50 km, l = 10 km, σ 2 N ≈ 10 −4 , l 1 = 100 km, l 3 = 80 km [10] ; difference of frequencies of propagated waves is equal to δ = 0.02. Variances of the phase < ϕ 2 1 > 1 and < ϕ 2 1 > 2 (indices 1 and 2 correspond to frequencies ω 1 and ω 2 ) are presented in Table below . Numerical calculations show that they are less than 1 radian that is in a good agreement with the results of satellite observations. This means that scattering of radiowaves on large-scale irregularities locating in a turbulent ionospheric plasma layer cause a diffraction picture on the Earth surface, where correlation radius of the phase fluctuations is equal to correlation radius of electron density fluctuations [11] .
Variances of the phase (Fig. 3) . From Figure 4 it follows that at fixed anisotropic parameter (χ = 3), increasing the angle of inclination of prolate irregularities with respect to the geomagnetic 
CONCLUSION
The phase, log-amplitude and their mutual correlation functions wave structure functions of multiply scattered radiation have been studied in complex geometrical optics approximation. The source irradiate radio waves with two different frequencies and observation points are located on opposite side with respect to anisotropic turbulent magnetized plasma layer. Numerical calculations have been carried out using satellite data of F-region ionospheric plasma parameters. From the results it follows that anisotropy and the angle of inclination of prolate irregularities with respect to the external magnetic field have a substantial influence on the behaviour of maximums and saturation levels of these functions. The results of numerical calculations are in a good agreement with satellite data.
